We point out that string theory can solve the conundrum to explain the emergence of an electroweak dipole moment from electroweak singlets through induction of those dipole moments through a Kalb-Ramond dipole coupling. This can generate a UY (1) portal to dark matter and entails the possibility that the UY (1) gauge field is related to a fundamental vector field for open string interactions. The requirement to explain the observed dark matter abundance relates the coupling scale M in the corresponding low-energy effective UY (1) portal to the dark matter mass mχ. The corresponding electron recoil cross sections for a single dipole coupled dark matter species are generically below the current limits from XENON, SuperCDMS and SENSEI, except in the GeV mass range if the electric dipole coupling becomes stronger than the magnetic coupling, a 2 e ≥ a 2 m . Furthermore, the recoil cross sections are above the neutrino floor and the UY (1) portal can be tested with longer exposure or larger detectors. Discovery of electroweak dipole dark matter would therefore open an interesting window into string phenomenology.
I. INTRODUCTION
The puzzle of the large dark matter densities in galaxies and galaxy clusters remains an enigma for particle physics. The fact that a hitherto unobserved particle with weak strength couplings to Standard Model particles can generate the observed dark matter abundance through thermal freeze-out from the primordial heat bath (the "WIMP miracle") continues to nourish hopes that dark matter may not only reveal itself through gravitational interactions, but can also be detected in particle physics labs [1] . Following the designation of the Higgs portal [2] for dark matter models where the interaction is mediated by Higgs exchange [3] [4] [5] [6] [7] [8] [9] [10] (see [11, 12] for recent reviews), the notion of "portals" for the nongravitational interaction between dark matter and the Standard Model has been widely adopted, including neutrino portals and vector portals. These standard options for non-gravitational dark matter couplings usually do not include a photon portal, as the optical darkness of the dominant matter component in large scale astronomical structures is usually assumed to be a consequence of the absence of direct photon couplings. However, Sigurdson et al. had pointed out that dipole couplings of MeV or GeV scale dark matter to photons comply with the darkness requirement if the coupling is sufficiently suppressed [13] , see also [14] [15] [16] [17] [18] [19] , and Profumo and Sigurdson coined the notion of a "shadow of dark matter" for this scenario [20] . Possible dipole couplings to photons involve dark * dashko.andriy@gmail.com † rainer.dick@usask.ca fermions in the form 
in the non-relativistic limit.
Couplings of the form (1) were also used in [14, [21] [22] [23] [24] in proposals to explain the DAMA annual modulation signal in nuclear recoils. More recently, Conlon et al. pointed out that the direct photon coupling proposed by Profumo and Sigurdson can reconcile the 3.5 keV data from the Hitomi, XMM-Newton and Chandra observations of the Perseus cluster through X-ray absorption and resubmission [25] .
Of course, a mass-suppressed photon portal per se to electroweak singlet dark matter breaks the electroweak symmetry of the Standard Model. Therefore it makes sense to replace the mass suppressed photon portal with a mass suppressed B µν portal (or U Y (1) portal) where B µν = ∂ µ B ν − ∂ ν B µ is the field strength of the electroweak U Y (1) symmetry. This then automatically entails the photon portal through electroweak mixing into mass eigenstates, B µ = A µ cos θ − Z µ sin θ and leaves the electroweak symmetries unbroken. Indeed, it was noticed already by Cline, Moore and Frey [18] that couplings of the form (1) should also entail corresponding couplings to the Z boson.
We wish to draw attention to the fact that the KalbRamond field of string theory can help to generate dipole couplings of the form (1). The Kalb-Ramond field is an anti-symmetric tensor field C = C µν dx µ ∧ dx ν /2 which does not need to be closed, dC = 0, and therefore cannot simply be considered as the field strength of a hidden U (1) symmetry. It has recently been pointed out that the strongest constraints for low mass dipole coupled dark matter should arise from direct searches in electron recoils [26] . Therefore we also discuss the corresponding electron recoil constraints under the assumption of generation from thermal freeze-out.
The natural emergence of couplings of the KalbRamond field to U (1) gauge fields is reviewed in Sec. II. The ensuing possibility that the Kalb-Ramond field can induce electroweak dipole couplings for electroweak singlets is introduced in Sec. III. Abundance constraints on the magnetic dipole coupling scale M −1 = a m /M d for a single dipole coupled dark matter species χ and the resulting constraints from direct dark matter searches in electron recoils are discussed in Secs. IV and V, respectively. Section VI summarizes our conclusions.
II. A SHADOW OF STRING THEORY
Closed strings contain anti-symmetric tensor excitations in their low-energy sector through the antisymmetric Lorentz-irreducible component of the oscillation states (a [27, 28] . Anti-symmetric tensor fields can also mediate gauge interactions between string world sheets [29] , and these fields also participate in brane interactions [30] [31] [32] [33] [34] [35] .
There are two ways how the Kalb-Ramond field can couple to U (1) gauge bosons, and both of them are related to the gauge symmetries of string-string interactions. We therefore need to review the string couplings of the Kalb-Ramond field and how they necessitate a coupling to U (1) gauge bosons in the presence of open strings. Kalb and Ramond had generalized the work of Feynman and Wheeler for action at a distance in electrodynamics in their seminal work, but with the wisdom of hindsight it is easier to start with the Lagrangian formulation of the pertinent string couplings. This formulation also shows how to generalize the construction for couplings to several U (1) gauge fields, and demonstrates that we can keep the U (1) gauge fields for the boundary charges of open strings massless.
Gauge interactions between strings can be described in analogy to electromagnetic interactions if the basic Nambu-Goto action is amended with a coupling term to the Kalb-Ramond field C µν = −C νµ [29] (we avoid the usual designation B µν for the Kalb-Ramond field to avoid confusion with the U Y (1) field strength tensor),
Here T is the string tension, µ s is a string coupling constant (or string charge) with the dimension of mass, τ a and σ a are timelike and spacelike coordinates on the world sheet of the a-th string, respectively, and x a ≡ x(τ a , σ a ) describes the embedding of the string world sheet into spacetime. The world sheet string interaction term can be written in the form µ s C, just like the electromagnetic interaction term in particle physics for particles of charge q can be written as a world line integral q A. The dimensionless charge g appears only on the endpoints of open strings.
To appreciate the connection of the action (3) to the emergence of gauge dipoles from gauge singlet fields, we need to consider the resulting string equations of motion. For simplicity of the left hand sides, we display these equations in flat Minkowski spacetime in conformal gaugė
[36] for a general proof of existence of conformal gauge in Minkowski signature). The world sheet equation of motion is
where
are the components of the 3-form field strength of the Kalb-Ramond field. We will also write this in the short form
The additional conditions at the boundaries of open strings are with
The string equations of motion (4, 6) are invariant under the KR gauge symmetry (7) and under the U (1) gauge transformation B µ → B µ +∂ µ f .
The coupling terms in the action (3) imply that strings are sources of the Kalb-Ramond field C and the accompanying vector field B, and the action should be amended with kinetic terms for those fields. The KR gauge symmetry (7) is preserved through the kinetic term
For the normalization of the kinetic term for the KalbRamond field, we note that its variation under variation δC µν of the Kalb-Ramond field is
The field equations are then (10) and
where from Eq. (3) the string charge currents are
and
. (13) The boundary current j µ a (x) is the combination of U (1) currents of a charge g at σ a = ℓ and a charge −g at σ a = 0. Up to boundary terms at τ a → ±∞ (which also appear in the currents of charged particles in electrodynamics), the currents satisfy
A very important lesson from the work of Kalb and Ramond is that the world sheet gauge field C µν in the presence of open strings has a mass term and couples to U (1) gauge fields B µ in the form C µν B µν . Indeed, we can easily generalize the construction to the case of different boundary charges g I for different types of open strings with corresponding gauge fields B I,µ . We can simply replace the boundary term in Eq. (3) according to
where g I(a) is the boundary charge of the a-th string.
The boundary equation (6) for the a-th string becomes
The U (1) gauge fields transform under KR symmetry according to B I,µ → B I,µ + (µ s /g I )f µ , and the KR gauge kinetic term becomes
The KR symmetric equation (10) acquires sums over the open string classes I in the g I -dependent terms on the left hand side, and Eq. (11) generalizes to
where the sum on the right hand side includes only the open strings which carry boundary charge g J . Finally, the currents for the a-th string satisfy ∂ µ j µν a (x) = (µ s /2g I(a) )j ν a (x).
III. ELECTROWEAK DIPOLES INDUCED BY THE KALB-RAMOND FIELD
From the point of view of string phenomenology, it is interesting to explore the possibility that the abelian gauge field B µ of the Standard Model can also couple to the boundary charges of open strings. This would imply in particular a coupling C µν B µν to the Kalb-Ramond field which is a necessary ingredient to generate the U Y (1) portal from a renormalizable model. The U Y (1) portal can arise from an extension of the Standard Model of the form
where perturbatively small couplings g BC and g Cχ are assumed, and the matrices S µν = i[γ µ , γ ν ]/4 are the 4-spinor representations of the Lorentz generators. Together with the kinetic term −B µν B µν /4 for the U Y (1) gauge field (not listed in equation (18) as this is already included in the Standard Model), the bosonic terms in the Lagrangian (18) are KR gauge symmetric if g BC = 1/ √ 2. However, KR gauge symmetry will likely be broken at low energies in the process of moduli stabilization [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . The Kalb-Ramond field can contribute to moduli stabilization in particular through H-type fluxes [37] [38] [39] [40] [41] [42] [43] 51] through the internal components of the gauge invariant 3-form
The fluxes and dilaton stabilization, e.g. for
would change the normalization of the four-dimensional remnant of the Kalb-Ramond field, thus changing the ratio of the mass and coupling terms in the low-energy effective action (18) . This breaks the Kalb-Ramond gauge symmetry and demotes the Kalb-Ramond field from an anti-symmetric gauge tensor field to an anti-symmetric matter tensor field. Magnetic dipole coupling terms are expected in anti-symmetric matter tensor theories since it has been shown that they provide consistent renormalizable source terms for anti-symmetric matter tensor fields [53] [54] [55] . Since KR gauge symmetry is the only symmetry which could prevent their generation, they would seem unavoidable once the KR gauge symmetry is broken, contrary to the electric dipole moments, which can be prevented by parity symmetry. Furthermore, will see below that the magnetic dipole couplings determine the relic abundance from thermal freeze-out in theories with both magnetic and electric dipole couplings. We are therefore primarily interested in the constraints on the magnetic dipole coupling, but we also carry through the electric dipole coupling for completeness. We also note that the Kalb-Ramond formulation of open string interactions treats open strings as elementary U (1) dipoles, and therefore dipole interaction terms and KR gauge symmetry breaking would appear unavoidable in any low energy field theory formulation of the theory which would be based on renormalizable terms. Elimination of the Kalb-Ramond field for energies much smaller than m C yields a U Y (1) portal for the dark fermions χ which appears as a γ, Z portal in terms of mass eigenstates,
Here θ is the weak mixing angle, B µ = A µ cos θ−Z µ sin θ. The induction of the coupling term (22) from equation (18) shows that the seemingly paradoxical notion of electroweak dipole moments of electroweak singlets is resolved in string theory through transfer of Kalb-Ramond dipoles into the U Y (1) sector through the Kalb-Ramond field.
The gauge fields B I,µ disappear if we only have closed strings. Invariance of couplings under the remaining KR gauge symmetry C µν → C µν +∂ µ f ν −∂ ν f µ then allows for a Cremmer-Scherk coupling ǫ µνρσ C µν B ρσ between KalbRamond fields and U (1) field strengths [56] , and integrating this out for massive Kalb-Ramond fields can also generate gauge invariant low-energy effective dipole couplings. Elimination of C µν from the Lagrangian
for energies much smaller than m C yields again the U Y (1) portal (22) . We have formulated the Kalb-Ramond induced generation of dipole coupling terms between gauge fields and dark fermions for a single fermion species, but it is clear that with the substitution
this mechanism works for any number of dark fermion species, and can generate in particular the coupling which is required for photon absorption by a dark two-level system.
IV. DARK MATTER ABUNDANCE CONSTRAINTS ON THE UY (1) PORTAL
The accessible final states for non-relativistic light dark fermions (m χ 100 GeV) annihilating through the
are pairs of fermions and anti-fermions (f f ) and pairs of U Y (1) gauge bosons which in the low mass range yields γγ. However, the annihilation into the vector bosons is suppressed with M −4
d . The annihilation cross sections into f f states are for s ≥ 4m
where α = e 2 /4π, Y f,± are the weak hypercharges of the right-and left-handed fermions, respectively, and N c = 1 for leptons, N c = 3 for quarks.
In the light mass range of interest to us the hZ and hhZ final states are not accessible in the non-relativistic regime and their contributions to the thermally averaged cross section at thermal freeze-out are therefore negligible, but we also report the corresponding annihilation cross section into hZ for completeness. This cross section is with s ≥ (m h + m Z )
This cross section becomes only relevant for masses m χ 104 GeV (it is slightly lower than (m h +m Z )/2 due to the integration over s in the thermal averaging), and the corresponding cross section into the hhZ final state (which cannot be integrated analytically) becomes only relevant for masses m χ 160 GeV. The cross sections determine the thermally averaged annihilation cross section through the general formula from Gondolo and Gelmini [57] ,
Note that (as usual) the low-energy effective cross sections for s ≪ M d are sufficient for the freeze-out calculation since K 1 ( √ s/T ) strongly suppresses all contributions for s ≫ 4m 2 χ . Spin averaging eliminated the cross-multiplication terms between the magnetic and electric dipole couplings in the squares |M f i | 2 of the transition matrix elements for the annihilations. However, spin averaging also affects the magnetic and electric contributions very differently in such a way that
This implies that the low energy annihilation cross sections are dominated by the magnetic dipole coupling (unless a 2 e ≫ a 2 m , which we do not assume). Therefore it is the magnetic dipole coupling a m /M d ≡ 1/M which determines the thermal freeze-out and the relic abundance of the electroweak dipole dark matter.
The thermally averaged cross section depends on the coupling scale M through the M -dependence of σ(s),
σv (1TeV, T ), (30) and the requirement for σv (T ) to match the required cross section for thermal freeze-out [58] [59] [60] 
V. ELECTRON RECOIL CROSS SECTION
As explained in the white paper [26] on new ideas in dark matter research, electron recoils are a primary possible signal for light dark matter particles with electromagnetic dipole moments.
The differential electron recoil cross section for the U Y (1) portal (25) in the lab frame and in the nonrelativistic limit is for m e < m χ given by
where ϕ is the scattering angle between the incoming and scattered χ particle. The possible momentum transfers are in terms of the incoming χ momentum k and the scattering angle given by (∆k)
The scattering angle is limited to
The two branches in the scattering cross section arise from the fact that for m e < m χ there are two values of |k ′ |/|k| for every scattering angle ϕ < ϕ max . The (+) branch corresponds to an increase from ϕ = 0 to ϕ = ϕ max with the scattered momentum |k ′ | decreasing from
(−) branch corresponds to a subsequent decrease from ϕ = ϕ max to ϕ = 0, with |k ′ | further decreasing from
The dark matter abundance constraints in the previous section determine the magnetic coupling M −1 = a m /M d , but they do not determine a e /a m . Therefore we can only calculate the recoil cross section as a function of dark matter mass if we assume a ratio (a e /a m )
2 . Integration of dσ e /dΩ yields electron recoil cross sections which are below the current limits from SuperCDMS [61] , XENON10/100 [62] , and SENSEI [63] , if a 2 e < a 2 m . This is displayed in Fig. 2 , where β ⊙ = 8.47 × 10 −4 was used as a fiducial dark matter speed [64] . The recoil cross sections from a magnetic dipole coupling comply with the current direct exclusion limits throughout the considered mass range. On the other hand, the case a e = ±a m is excluded for masses in the GeV range. We also note that the recoil cross sections are above the neutrino floor [65] and may be detectable with longer exposures or larger detectors.
VI. CONCLUSIONS
Gauge invariant interactions of open strings require the Kalb-Ramond field to couple to the field strength tensors of U (1) gauge fields, whereas a theory with only closed strings permits Cremmer-Scherk couplings to U (1) field strength tensors. We found that these couplings can induce dipole couplings of electroweak singlet dark matter to the U Y (1) gauge field, thus contributing to the formation of a U Y (1) portal both to dark matter and to string theory. We analyzed in particular the case of a single dark matter component and found that the MeV-GeV mass range for dipole coupled dark matter remains viable under recent constraints from direct searches in electron recoils if a 2 e < a 2 m , while the case of dipole coupling only to right-handed or left-handed dark fermions a e = ±a m is excluded in the GeV mass rang but still allowed in the MeV mass range. Dipole coupled dark matter has a high discovery potential due to yielding recoil cross sections above the neutrino floor. The discovery of a dipole coupled U Y (1) portal to dark matter would therefore be very interesting from the perspective of a bottom-up approach to string phenomenology.
The model discussed here does not touch upon the important question of moduli stabilization, except for the observation that dilaton stabilization and an internal magnetic Kalb-Ramond flux decouple the Kalb-Ramond coupling in four dimensions from the mass term. We do assume that moduli are stabilized and that compactification yields the Standard Model at low energies. Our point is that under these circumstances the Kalb-Ramond field provides a natural candidate for inducing a dipole coupled U Y (1) portal to electroweak singlet dark matter. The discovery of U Y (1) dipole coupled dark matter would therefore provide an important low-energy indication for the existence of the anti-symmetric tensor fields of string theory.
